Abstract: Aerobic respiration, the energetically most favorable metabolic reaction, depends on the action of terminal oxidases that include cytochrome c oxidases. The latter forms a part of the heme-copper oxidase superfamily and consists of three different families (A, B, and C types). The crystal structures of all families have now been determined, allowing a detailed structural comparison from evolutionary and functional perspectives. The A2-type oxidase, exemplified by the Thermus thermophilus caa 3 oxidase, contains the substrate cytochrome c covalently bound to the enzyme complex. In this article, we highlight the various features of caa 3 enzyme and provide a discussion of their importance, including the variations in the proton and electron transfer pathways.
Introduction
A substantial amount of progress has been made in the biochemistry of bioenergetics with the determination of crystal structures of all the respiratory complexes. Nonetheless, many questions remain on their exact catalytic mechanisms. Within the respiratory chain, cytochrome c oxidases (C c O) are the terminal enzymes that reduce oxygen to water. These integral membrane proteins belong to the heme-copper oxidase superfamily and function as proton pumps.
Based on the conserved amino acid residues involved in proton pumping, three families (A, B, and C types) of heme-copper oxidases have been established (Pereira et al. , 2008 ) . Of these, the currently available structures are listed in Table 1 . Proton pumping pathways can be identified and analyzed from the respective crystal structures. Although the spatial location for both the D and K pathways are conserved among the A1 and A2 types, a key glutamate responsible for proton pumping (GluI-278 P , Paracoccus denitrificans numbering; numberings generally refer to Thermus thermophilus sequences unless other wise noted) is replaced by a Tyr-Ser pair (YS motif) in the A2 family (Table 1) . Meanwhile, the B-type oxidases lack the D pathway, and their K pathway is not entirely similar to the K pathway of A-type oxidases and are hence termed K analogue pathways (Chang et al. , 2009 ) . Based on the cbb 3 oxidase crystal structure (Buschmann et al. , 2010 ) and its sequence, the C-type oxidases display the lowest conservation within themselves as well as to the A and B types.
Compared with typical bacterial A-type aa 3 oxidases, which consist of subunits I, II, III, and IV, the subunits of caa 3 oxidase are fused -subunits I with III (subunit I/III) and subunit II with cytochrome c domain (subunit II/c). Hence, the availability of the crystal structure of caa 3 oxidase represents thus far the only crystallographic model that consists of substrate cytochrome c ' docked ' onto the C c O complex. Further differences are evident in the subunit IV of caa 3 enzyme that contains two transmembrane helices (TMH). This is distinctly different from the corresponding subunit in bacterial aa 3 C c O with only one TMH and Escherichia coli quinol oxidase (QOX) with three TMH. Although the sequences of subunit IV of type A C c O are not conserved, the QOX subunits IV are similar in both Gram-positive and Gramnegative bacteria. These variations also reflect to a large extent the demand placed on the enzymes by the growth conditions. Here we present an overview of current information on caa 3 oxidase based on the recent crystal structure (Lyons et al. , 2012 ) to complement our previously published review into the ba 3 oxidase (Noor and Soulimane , 2012 ) . Each feature of the oxidases is listed separately. The cbb 3 oxidase has three heme c moieties -one within the subunit O and two within subunit P, of which one is in a domain projecting into the bulk solvent (outer domain, ' Outer P ' ) and the other in an inner domain ( ' Inner P ' ). The two Ca 2 + ions in subunits N and O are indicated separately. a The first His ligand of Cu B is cross-linked with the Tyr at the end of K pathway.
Catalytic subunits I and II
Subunit I, which contains the heme a and heme-copper a 3 -Cu B dinuclear center, is responsible for the reduction of oxygen to water. This catalysis is made possible by electron acceptance from the soluble periplasmic domain by the Cu A center within subunit II and proton uptake from the cytoplasmic space by subunit I. The heme a groups of both T. thermophilus oxidases are of the a s3 type -the difference being the presence of hydroxyethylgeranylgeranyl instead of hydroxyethylfarnesyl in the heme side-chain (Noor and Soulimane , 2012 ) . Apart from the aforementioned difference in the D pathway of A1 and A2 oxidases, the K pathway in caa 3 oxidase contains an H-bond between LysI-328 and GlnI-286. The Lys residue is conserved in all A-type oxidases, but the Gln is replaced by a Met in A1 oxidases. Therefore, this direct Lys-Gln H-bond in caa 3 oxidase is an alternative to the (Table 1 Continued) water-mediated SerI-291 P -LysI-354 P H-bond in A1-type oxidases (Lyons et al. , 2012 ) . Subunit II contains the archetypal cupredoxin domain holding the Cu A center responsible for accepting electrons from cytochrome c (see the section Cytochrome c Subunit for a further discussion).
Most of the discussion on the gating mechanism for proton pumping currently centers on bacterial aa 3 -type oxidases. This could partly be due to the lack of a mutagenesis system for bovine oxidase until very recently using HeLa cells (Shimokata et al. , 2007 ) . P was initially thought to act as a valve in the D pathway to prevent proton backflow/leakage into the cytoplasmic space (Kaila et al. , 2008 ) . The strongest experimental evidence for this hypothesis came slightly later in the form of an electron density map of a completely decoupled, non-proton-pumping mutant P. denitrificans oxidase. Two conformations of the GluI-278 P side-chain in the opposite directions were determined in the structure of the N131D mutant and only one in the wild-type structure ( D ü rr et al., 2008 ) . Hence, this suggests a rather transient conformational change in the Glu side-chain over the entire ' normal ' catalytic cycle ( D ü rr et al., 2008 ) . However, a more detailed simulation challenges the idea of either the Glu residue or water wire reorientation as being responsible for the proton gating (Yang and Cui , 2011 ) . Although the Glu residue is proton active and redox sensitive, the Tyr residue (TyrI-256 Rm ) in Rhodothermus marinus caa 3 oxidase was shown, through theoretical calculation, to be not proton active (Soares et al. , 2004 ) . Instead, it may be a part of an ordered chain of water molecules -a hypothesis supported by the T. thermophilus caa 3 oxidase structure. That both A1-and A2-type oxidases do pump protons with the same stoichiometry of 1 H + /e -indicates that the prevention mechanism of proton leakage -a thermodynamically favorable process -is different between these two families.
As oxygen displays an inverse relationship between its solubility and water temperature, growth at high temperatures represents another stress in the addition to protein thermostability. Consequently, T. thermophilus oxidases have larger and bifurcated oxygen channels relative to the mesophilic aa 3 -oxidases (Lyons et al. , 2012 ) . Evolutionarily, the ba 3 -oxidase has evolved to lose the D pathway and retains only a single proton pathway (Chang et al. , 2009 ) to accommodate a much larger channel at the expense of proton translocation efficiency (0.5 H + /e -instead of the canonical stoichiometry of 1). Furthermore, the ba 3 oxidase has a second-order rate constant (10 9 M -1 s -1 ) ten times faster than mammalian oxidase during the initial reaction with O 2 (Szundi et al. , 2010 ) . Both caa 3 and ba 3 oxidases also exhibit significant NO reductase activities (Giuffr è et al., 1999b ) . This activity is even higher in C-type oxidases in contrast to the A1-type oxidases (Forte et al. , 2001 ) -a vestige of their evolutionary lineage.
Conserved supernumerary subunit III
Apart from being the first structurally characterized A2-type oxidase, the T. thermophilus caa 3 oxidase is unique in its subunit composition. Of the ' five ' subunits, subunits I and III are fused at the DNA level and translated as a single polypeptide (subunit I/III). Interestingly, the two different membrane proteins involved in the biosynthesis of heme A, CtaA and CtaB, are also fused genetically in T. thermophilus (CtaA/B) (Noor and Soulimane , 2012 ) . Connecting subunit I to III is a 72-residue long loop located in the cytoplasmic space, a feature not predicted for CtaA/B (Noor and Soulimane , 2012 ) . From an evolutionary perspective, these fusion constructs appear to be almost limited to members of the Deinococcus -Thermus phylum (Noor and Soulimane , 2012 ) .
The number of TMH of subunit III in A1-and A2-type oxidases is conserved as seven, and their sequences are relatively similar ( ∼ 30 % identity). Possibly signifying its important role, the gene of bovine subunit III ( COX3 ) is located within the mitochondrial DNA along with the catalytic subunits I and II in a noncontiguous fashion. This does not necessarily extend to all eukaryotes as shown in colorless algae ( P é rez-Mart í nez et al., 2000 ). In subunit III-depleted Rhodobacter sphaeroides aa 3 oxidase, the proton uptake through the D pathway becomes a ratelimiting step (Gilderson et al. , 2003 ) , and the complex itself undergoes spontaneous inactivation due to Cu B loss (Bratton et al. , 1999 ) . However, this subunit is not required for a proper metal center assembly (Bratton et al. , 2000 ) ; readers are also invited to two other reviews on the subject (Hosler , 2004 ; Varanasi and Hosler , 2012 ) .
Typically, bacterial subunit III can be removed through a Triton X-100 treatment. As the T. thermophilus subunit III forms a single polypeptide with subunit I, the Triton treatment does not separate them and is in fact required to enable the dissociation of the supercomplexes for their individual purification.
Distinctive features of subunit IV
Due to its very small molecular weight relative to subunits I/III and II/c (7 kDa, cf. 89 and 38 kDa), subunit IV of caa 3 oxidase is often difficult to observe during protein purification. It was first characterized through reversed-phase high-pressure liquid chromatography (RP-HPLC) using vapor diffusion crystals (Figure 1 ). Several crystal forms and diffraction properties were obtained depending on the detergent used (Table 2 ) . However, the lack of genome sequence availability at the time necessitated the use of classical Edman degradation on RP-HPLC-separated subunit IV, although it can now be correlated to the locus TTHA1863 (Lyons et al. , 2012 ) . In the context of C c O evolution and function, subunit IV plays an unknown role and is retained in crystal structures in different forms. The aa 3 oxidase subunit IV from P. denitrificans and R. sphaeroides consists of a single TMH, whereas the caa 3 oxidase has two. The functionally related E. coli QOX, in contrast, possesses three TMH. Further analysis of their sequences reveals an interesting conservation -both P. denitrificans and R. sphaeroides have similar sequences (Figure 2 ) but not with T. thermophilus (Figure 3 ) . Significantly, the bacterial A1 oxidase, caa 3 oxidase, and QOX subunit IV are all not superimposable against each other (Figure 4 ). The latter is conserved only within the Thermales family. While occupying similar spatial location among the different oxidases, the genes encoding for subunit IV are located at genetic loci apart from that region coding for the canonical subunits (Noor and Soulimane , 2012 ) . Alternative forms of R. sphaeroides subunit IV arising from the presence of two translation start codons have been reported (Distler et al. , 2004 ) . In our laboratory, a single form of subunit IV was found to co-purify together with the recombinant caa 3 oxidase from T. thermophilus cells even when this subunit is not included in the 
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Octyl expression construct (M.R. Noor and T. Soulimane, unpublished data). There are also reports of subunits IV in Bacillus PS3 caa 3 oxidase (Kirken et al. , 1995 ) , B. subtilis QOX (Santana et al. , 1992 ) as well as Rh. marinus caa 3 -type HiPIP oxidase (Santana et al. , 2001 ) , all with three predicted TMH. None of these subunits align well with the sequence of T. thermophilus subunit IV. Their structural alignment can only be identified through their three-dimensional structures. As postulated earlier (Noor and Soulimane , 2012 ) , this subunit is not likely required for assembly or function, which may explain the lack of sequence identities in other organisms in contrast to the conserved subunit III. Nevertheless, it might help in stabilizing the protein complex analogous to other small proteins; these ' sproteins ' are defined as being of < 50 residues (see Hobbs et al. , 2011 , and references therein).
Cytochrome c subunit
A comparison of the cytochrome c structures from horse heart (PDB ID: 1HRC) and T. thermophilus ( c 552 ; PDB ID: 1C52) to the cytochrome c domain of caa 3 oxidase ( c caa 3 ) indicates that the c caa 3 is more similar to the horse heart protein than the cytochrome c 552 ( Figure 5 ). However, their sequence alignment together with that of Rh. marinus does not yield any conserved regions that would be useful for a more detailed evolutionary analysis.
Experiments in our laboratory (T. Soulimane, M.R. Noor, M. Arese, E. Forte, M. McCarthy, P. Sarti, and A. Giuffr è , manuscript in preparation) using stoppedflow kinetics demonstrate that electron transfer between complex III and caa 3 oxidase is mediated by the soluble cytochrome c 552 . Consequently, the role of the cytochrome c domain in caa 3 oxidases in general is uncertain, given that caa 3 oxidase is present in various organisms. As the interaction between cytochrome c 552 and ba 3 oxidase is hydrophobic (Giuffr è et al., 1999a ; Soulimane et al. , 2000 ) , we speculate that the same might be true for that of cytochrome c 552 and caa 3 oxidase. In addition, A2-type oxidases are absent from archaeal genomes, and only one so far has been found among the eukaryotes, Paulinella chromatophora (http://www.evocell.org/hco; Sousa et al. , 2011 ) . This may simply be a result of bias in the genomesequencing projects whereby biotechnologically and medically important organisms are prioritized (2525 bacterial genome projects, cf. 153 on Archaea as of February 16, 2012; http://www.ncbi.nlm.nih.gov/genomes/static/ gpstat.html). The homologous sequences were obtained through BLAST ( http://www.ncbi.nlm.nih.gov/blast/ ), aligned with ClustalW (Larkin et al., 2007) , and edited with Jalview (Waterhouse et al., 2009 ). The T. thermophilus HB27 sequence is identical to the HB8 and is therefore not included in the alignment. The coloring scheme is based on sequence conservation. RefSeq accession ID: Marinithermus hydrothermalis (YP004367070), Meiothermus ruber (YP003507538), Meiothermus silvanus (YP003684273), Oceanithermus profundus (YP004056929), Thermus aquaticus (ZP03496982), Thermus scotoductus (YP004203506), T. thermophilus HB8 (YP145129), and T. thermophilus SG0.5JP17-16 (AEG34269).
Lipids
Lipid molecules are an integral part of membrane proteins and play a role of more than just accommodating the proteins (see Palsdottir and Hunte , 2004 ; Arias -Cartin et al., 2012 , and The cytochrome c domain of caa 3 oxidase (yellow) is more structurally related to horse heart cytochrome c (PDB ID: 1HRC; gray) than cytochrome c 552 (PDB ID: 1C52; blue); the Rh. marinus cytochrome c (PDB ID: 3CP5; red) is included for comparison. The figure was created using UCSF Chimera (Pettersen et al., 2004) .
protein-lipid interaction is beyond the topic of this review, a concise consideration in the context of C c O is made here. The structure of caa 3 oxidase contains a novel thermophilic lipid not observed before in the ba 3 oxidase, even at the relatively high resolution (LCP structure at 1.8 Å ; PDB ID: 3S8F).
In caa 3 oxidase, three types of lipid molecules were modeled. The 7.7 MAG used as the hosting lipid for crystallization, designated as lipid I in Table 3 , consists of the intact 7.7 MAG of the 1-and 2-MAG isoforms. A native lipid, lipid II, is embedded at the interface of caa 3 oxidase subunits I and III. Accordingly, it could be of functional relevance because it is the major phosphoglycolipid in thermophilic membranes (Da Costa et al. , 2006 ; Yang et al. , 2006 . This is a conserved lipid based on its spatial location in the P. denitrificans and R. sphaeroides aa 3 oxidases compared with caa 3 oxidase ( Figure 6 ). Nevertheless, their chemical structures are not the same -1,2-diacyl-sn -glycero-3-phosphocholine and distearoyl-3-sn -phosphatidylethanolamine, respectively. In the caa 3 oxidase, these are substituted by a methylhexadecanoate derivative, 1,2-diacyl-sn -glycero-3-phospho)-3 ′ -O -( α -N -acetyl-glucosaminyl)-N -glyceroyl alkyl-amide. Also modeled was the lipid III, a diacylglycerol containing two fatty acyl chains. This was postulated to have been derived either through the transesterification of 7.7 MAG or Table 3 Different types of lipids found in the caa 3 oxidase crystal structure.
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a native lipid, exact determination of which is hampered by poor electron density (Lyons et al. , 2012 ) . In addition to the conserved lipid, the bacterial A1-oxidases also have an additional lipid molecule mediating the contact of subunits I and III to subunit IV (Palsdottir and Hunte , 2004 ) . No such lipid is observed in caa 3 oxidase. Possibly contributing to its higher thermostability, a tighter packing is observed for caa 3 oxidase. In the LCP-crystallized ba 3 oxidase structure, all possible lipid molecules were modeled as monoolein [MO; (2 R )-2,3-dihydroxypropyl (9 Z )-octadec-9-enoate; 1-oleoylrac -glycerol; PDB ligand ID: OLC]. The authors noted that ' some of them may represent or mimic ordered hydrocarbon chains of tightly bound native lipids, co-purified with the enzyme ' (Tiefenbrunn et al. , 2011 ) . The two MO molecules in ba 3 oxidase occupy the location near the A-type conserved lipids but do not superimpose on them. A detailed ana lysis on both T. thermophilus oxidases would be required to determine whether any native lipid is present in the ba 3 oxidase and if/how the lipids affect their function and stability. We do note that the ba 3 oxidase lacks subunit III and may directly preclude the presence of native lipid molecules. Interestingly, a total of 13 lipids including cardiolipin, phosphatidylethanolamine, and phosphatidylcholine were Table 3 . (D) Superposition of the conserved lipid embedded in the interface of subunits I and III, colored similar to panels A -C. In all the panels, only subunits I, III, and IV are shown with the chains in transparent rendering. Figures created using CCP4mg (Potterton et al., 2004) .
identified in the 13-subunit bovine oxidase, each occupying a specific site (Shinzawa -Itoh et al., 2007 ; Yoshikawa et al. , 2012 ) . Unfortunately, the low resolution of cbb 3 oxidase (PDB ID: 3MK7) and bo 3 QOX (PDB ID: 1FFT) do not allow for any comparison on their detergent/lipid-binding sites to determine the extent of their conservation. With an already intense discussion on the role of bovine oxidase noncatalytic subunits, the site-specific lipid molecules only add to the complexity of its architecture. Speculatively, lipid molecules might allow for a tighter scaffolding of the entire assembly as in the case of lipid among subunits I, III, and IV.
Conclusion
Completing a 15-year scientific journey in our laboratory, the caa 3 oxidase is the last member of the heme-copper oxidase superfamily to be crystallized for the determination of its structure; the structure of a bd -type QOX remains elusive. The features highlighted here illustrate how nature tends to recycle existing redox proteins to adapt to stresses in the growth environment instead of creating entirely new complexes. Significantly, both T. thermophilus C c O are unique in their compositions. The ba 3 oxidase represents a natural minimal design of C c O in that it lacks subunits III and IV. Similarly, the caa 3 oxidase provides an opportunity to trace the electron transfer pathway from the bc complex to the molecular oxygen. The available structures have greatly contributed to site-directed mutagenesis and spectroscopic investigations. Nonetheless, several key questions such as the function of the cytochrome c domain and subunits III and IV still remain. The availability of a homologous caa 3 oxidase expression system (M.R. Noor and T. Soulimane, unpublished data) along with that for other oxidases would provide the platform to unravel the roles of organism-specific lipids in the physiologically diverse oxidases.
